PCR is an indispensable technique used in DNA analysis. However, with the traditional methods, the time spent on amplification and the subsequent analysis of PCR products is generally long. Therefore, it is essential to improve these two steps so that the whole procedure can be made faster. In the present work, with λ-DNA as the control template, the amplification of 300-bp fragment could be completed within 37 s with capillary reaction chambers of LightCycler, and the following analysis of PCR products could be completed within 120 s with microchip electrophoresis as the detector. Since the high detection sensitivity of microchip electrophoresis, PCR products with template concentration as low as 5 fg/µL could be detected only after 435 s of amplification. In addition, based on additional optimized conditions simulated by CoventorWare, PCR microchips with distinct structure of the reaction chambers have been designed and successfully applied to the amplification of 300-bp fragment. By comparison, those chambers with ellipse and racket shapes were found to offer very high amplification efficiency. All of these results demonstrate the promise of integrating PCR and electrophoresis on microchip for developing easy-carrying instruments for the fast in situ detection of DNA.
Introduction
PCR has been playing an important role in modern biology research. Since its initial study began from the middle of 1980s, [1] [2] [3] it has undergone significant improvement, especially concerning the instruments. LightCycler is one of the newly developed equipments that feature rapid thermal cycling and flexible real-time detection. [4] [5] [6] [7] [8] [9] [10] Furthermore, microchips for PCR have also been developed and shown superiority in fast speed, high sensitivity, and being easy to carry. [11] [12] [13] [14] [15] [16] [17] [18] After the amplification of specific fragments, the confirmation of PCR products is indispensable. Conventionally, the analysis is based on slab-gel electrophoresis, which is rather timeconsuming. During the last decade, capillary electrophoresis (CE) has been employed to shorten the evaluation time. More recently, microchip electrophoresis, which, compared to the above-mentioned methods, can offer even faster analysis speed and less sample consumption, came into existence, and has been utilized to examine PCR products as well. 13, 15, 17, 19, 20 Although LightCycler can perform quantification analysis by analyzing the melting curves, several diluted external standards with known concentrations are indispensable. Furthermore, fluorescent dye must be added into the reaction mixture, which, to different extent, might interfere amplification. To avoid these problems, in our experiments, microchip electrophoresis has been combined with LightCycler to evaluate the amplified DNA fragments. With such a combination, not only the analysis time could be greatly shortened, but also the detection sensitivity could be obviously improved, especially for amplifying a template with extremely low concentration. In addition, in order to develop portative instruments for in situ detection, different kinds of PCR microchips have also been designed and successfully applied to the amplification of λ-DNA. By comparison, the optimal reaction chamber shape has been determined.
Materials and Methods

Apparatus
In our experiments, LightCycler (Roche Diagnostics GmbH, Mannheim, Germany) was used for all amplifications.
PCR microchips were fabricated by Matsushita Electric Industrial Co., Ltd (Kyoto, Japan).
Thermowell sealers obtained from Corning Incorporated (Corning, USA) were used to seal wells on the microchip during thermal cycling.
CoventorWare (purchased from Marubeni Solutions Corp., Tokyo, Japan) was employed to simulate the temperature variance inside the reaction chamber of PCR microchips.
The confirmation of PCR products was performed on an Agilent 2100 Bioanalyzer with DNA 500 assay kits (Agilent Technologies, Waldbronn, Germany).
Chemicals
Primer 1 (5′-GATGAGTTCGTGTCCGTACAACTGG-3′, 0.52 mM, Tm 62.12˚C), and 2 (5′-GAATCACGGTATCCGGCTGCGCTGA-3′, 1.26 mM, Tm 68.28˚C) were purchased from Kurabou Industries Ltd. (Osaka, Japan). The control template λ-DNA (0.41 µg/µL), Z-Taq polymerase (2.5 U/µL), 10 × Z-Taq Buffer (Mg 2+ plus, 30 mM) and dNTP Mixture (2.5 mM each) were bought from TaKaRa Shuzo Co., Ltd. (Shiga, Japan). KOD Dash polymerase (2.5 U/µL) and BSA (2.5 mg/mL) were purchased from Toyobo Co., Ltd. (Osaka, Japan) and Idaho Technology Inc. (Salt Lake City, USA), respectively. SYBR Green I (10000×) was bought from Molecular Probes, Inc. (Eugene, USA). DNase and RNase-free water (ICN Biomedicals, Inc., Aurora, USA) was used throughout our experiments.
Procedure
In our experiments, through systematic optimization, the initial denaturation, denaturation, and annealing & extension temperatures for the amplification of 300 bp-fragment of λ-DNA were set at 94˚C, 94˚C and 70˚C, respectively. Without any specific explanation, the optimized reaction solution contained 1 × PCR buffer, 200 µM of each dNTP, 0.9 µM of each primer, 1.0 µg/100 µL BSA, 2.5 U/100 µL polymerase, and 1.0 ng/µL control template.
For amplification carried out on microchips, the whole chip was attached to a capillary and hung in the chamber of LightCycler for thermal cycling.
The microchip electrophoresis-based confirmation of PCR products was performed on Agilent 2100 Bioanalyzer under defaulted operation conditions. The consecutive analysis of 12 samples on one microchip could be completed within 30 min.
Results and Discussion
In our experiments, with microchip electrophoresis as the evaluation method for PCR products, rapid microvolume amplification of 300-bp λ-DNA fragment was performed in both capillary and microchip-based reaction chambers.
Ultrafast amplification in capillary reaction chambers
For microvolume PCR, the amplification is very sensitive to the species of polymerase. In our experiments, the effects of two kinds of polymerase, KOD Dash and Z-Taq, on the amplification of 300-bp fragments of λ-DNA were studied. It was found that SYBR Green I had an obvious inhibition on the amplification when KOD Dash was taken as the polymerase (Fig. 1) . Accordingly, no dye was added into the reaction mixture, so that the obtained results with two kinds of polymerase were comparable. Under such conditions, the quantitative analysis of PCR products by LightCycler became impossible.
Therefore, microchip electrophoresis was employed to validate the amplified DNA fragment.
From Table 1 it can be seen that under the same amplification condition, with Z-Taq as the polymerase, the yields of PCR products were much higher than those with KOD Dash, especially when the annealing and extension time was short. However, the fragment sizes of the products were on the 54 ANALYTICAL SCIENCES JANUARY 2005, VOL. 21 contrary, indicating that KOD-Dash might offer higher amplification accuracy than Z-Taq polymerase. Since ultrafast PCR is the goal of our research, Z-Taq polymerase was chosen in the following experiments. For the analysis of practical samples, the amplification of DNA with extremely low template concentration is very important. Table 2 shows the effect of the template concentration, ranging from 50 fg/µL to 2 ng/µL, on the yield of 300-bp fragment of λ-DNA. From this table, we can see that with the template concentration decrease from 1 ng/µL to 1 pg/µL, the yields of the PCR products obviously dropped. However, by microchip electrophoresis, the specific amplified fragment with the template, even at concentration of 50 pg/µL, could be examined. Furthermore, by prolonging the annealing and extension time to 4 s, 300-bp fragment with the template concentration at 5 fg/µL could be detected as well with just 435 s of amplification (Fig. 2) .
In addition, from Table 1 we can also see that with Z-Taq polymerase, even when the time spent on each amplification step is reduced to zero, after 30 cycles of amplification, the PCR products were much higher than the detection limit of microchip electrophoresis. Hereby, we could further quicken the whole procedure by decreasing the cycling numbers, while increasing the template and polymerase concentrations. By this way, the ultrafast amplification of 300-bp fragment could be realized within 37 s after 3 cycles of amplification (as shown in Fig. 3 ).
Microvolume amplification in microchip-based reaction chambers
In our study, microchip with a circle reaction chamber (Fig.  4A ) was used to amplify 300-bp fragment of λ-DNA. However, under the same amplification conditions, the yield of the PCR product obtained in the microchip is only about 1/2 of that in the capillary, which might have been caused by the difference on the actual temperature inside the reaction chambers. Since the temperature in the capillary is proved to be the same as that of the air in LightCycler, the temperature inside microchip-based reaction chambers had to be simulated by CoventorWare.
From Fig. 5A·1 , it can be seen that if we need the actual temperature in the microchip-based chamber to be 94˚C, the outer air temperature should be 98˚C. When the air temperature decreases to 94˚C, the temperature inside the microchip still remains at 94˚C (Fig. 5A·2) . Furthermore, if we want to obtain 70˚C in the chamber of microchips, the temperature of the outer surrounding should be 66˚C (Fig. 5A·3) . It remains at this temperature when the air temperature is raised to 70˚C (Fig.  5A·4) . Accordingly, to obtain the same actual temperature as that in the capillary chamber, a new temperature program for microchips, as shown in Fig. 5B , should be used. Under such conditions, the yield of the PCR product is increased to 23.4 ng/µL.
Besides the circle reaction chamber, microchips with different 55 ANALYTICAL SCIENCES JANUARY 2005, VOL. 21 structures (shown in Fig. 4B ) have also been designed and applied to the amplification of λ-DNA. Based on the abovementioned simulation, in the following amplification, the temperatures on denaturation and annealing and extension were respectively set at 98˚C and 66˚C so that the actual temperatures in the microchip-based chamber would be close to the optimized temperatures in the capillary reaction chamber. In addition, in order to obtain sufficient PCR products, the time spent on each amplification step was a slightly prolonged. Figure 6 shows the yields of 300-bp fragment amplified with different microchips. From this figure, it can be seen that all of the on-chip amplification was successful within 522 s, even with the reaction volume being as small as 1.17 µL. ANALYTICAL SCIENCES JANUARY 2005, VOL. 21 
